Abstract. The article summarizes the results of the second phase of a comprehensive study of energy efficient wastewater treatment processes in oxidation ditches. Dependence of the efficiency of simultaneous nitrification and denitrification at the change of oxygen regime have been determined at the second phase of the study. Results of the phase confirm the fundamental possibility of the withdrawal of biomass in energyefficient mode with high quality of wastewater treatment.
Introduction
Biochemical and physical modelling of wastewater treatment is an important practice for the design and operation of wastewater treatment plants. Process errors identified during the modelling can significantly reduce the financial and environmental risks [1] .
Complex investigations, which include both mathematical modelling and laboratory experiments, take place at the Moscow State University of Civil Engineering (NRU MSUCE) [2, 3, 4] .
The base process in these studies is Simultaneous Nitrification and Denitrification (SND) and the key experimental construction is oxidation ditch. Simultaneous nitrification and denitrification -is one of the most economical methods for nitrogen removal. Both biochemical reactions (nitrification and denitrification) occur concurrently under identical operating conditions in the same reactor without separation into aerobic and anoxic macrozones in this process. The aim of a physical experiment as part of a comprehensive study is to obtain and update the main control values required for further modelling and design of WWTP.
The physical explanation is that the SND occurs because of concentration gradients within the floc due to diffusion limitations [5, 6] . Flocs have a large size, anaerobic center and aerobic outer layers [7, 8] . They are formed under the influence of specific hydraulic and oxygen regimes. The structure of outer layers affects the dissolved oxygen diffusion coefficients and increases the efficiency of nitrification in low-oxygen conditions in the bioreactor [9] .
Based on preliminary investigations it was found that the most promising structures for the implementation of the technology of simultaneous nitrification and denitrification are oxidation ditches [10] . In addition to the physical explanation of simultaneous nitrification and denitrification, there are a number of theories of microbiological character. For example, it has been suggested that some of the denitrifying microorganisms involved in of simultaneous nitrification and denitrification are autotrophic [11, 12] . This means that the need for a readily oxidized carbon source for denitrification effectively reduced in the process. This is quite important because of the low-carbon wastewater, common to most regions of the Russian Federation.
Methodology & research
The aim of a physical experiment as part of a comprehensive study is to obtain and update the main control values that are required for further modelling and design of WWTPs. The NRU MSUCE has extensive experience in creation and operation of laboratory models of bioreactors, which allow recreating the conditions of the experiment.
Two different models of oxidation ditches are currently created as a part of this study. The first type of bioreactor is a model with a vertical flow of the circulating fluid, consisting of two consecutive modules. This model eliminates stagnant zones and provides the best conditions for biomass research work. This raises difficulties hydraulic regulating pattern mode, in particular, a greater part of the reactor cannot create a stable laminar flow of liquid. In addition, the experiment in this model does not account for the precipitation of active sludge at various flow rates. The first two phases of the experiment were carried out using this model. The total volume of the bioreactor consisting of two modules was 35 liters. The volume of the secondary settler was 4 liters. The daily flow of wastewater was 115 liters with the fractional pitch; the average hydraulic retention time was 7.5 hours.
The second type of bioreactor is a model with a horizontal flow of the circulating fluid. The laboratory setup consists of experimental and control lines. The control line models the standard operation mode of the existing oxidation ditches. It is possible to create uniform aeration regimes with high levels of dissolved oxygen in water and common denitrinitrification schemes. The experimental line is designed to create the most favorable conditions for the simultaneous nitrification and denitrification and evaluate its work. The working volume of each line is 35 liters, which allows correlating the results with the experimental stages formed on the same vertical type volume model. Each line is equipped with its own secondary clarifier and feed pump, which makes them completely independent of each other. 
An automated mixer, rotating at minimum speed (less than 1 tpm), achieves fluid flow in the experimental line. Minimum speed of rotation and the special shape of the blades help to avoid additional oxygen saturation due to intense mechanical action. Automatic aeration system allows to avoid stagnant zones which had collapsed activated sludge, thereby avoiding excessive saturation of water with oxygen.
As the study is directed primarily to study the properties of the working biomass in the experimental conditions of operation, it is necessary accurately to pick up the substrate, used in a laboratory simulation as treated wastewater. During the experiment, the substrate is made with the relevant characteristics close to the characteristics of the actual wastewater Moscow region.
Control of the experimental models is carried out by automated sensors of dissolved oxygen and redox potential. Chemical analyzes of water from certain control points are performed on modern analytical equipment for certified procedures.
Results
Now there is a third phase of laboratory experiment. The results and conclusions of the first phase were presented earlier. Based on these results it has been adjusted "work plan" for the second phase of the experiment. The second phase of the experiment took 5 months. Activated sludge for inoculation was delivered from the existing wastewater treatment plant. Originally, an experimental system has been launched on well-aerated nitrifying activated sludge, before does not need to adapt to low-DO operating conditions. The adaptation mechanism of the activated sludge to the low-DO conditions have been described earlier. The first period, which took 35 days, included biomass adaptation to the new substrate and oxygen conditions and the withdrawal of installations in operation. Since during adaptation of the activated sludge, wastewater treatment processes are unstable chemical analysis results for the time not included in subsequent calculations.
Calculations are shown below.
Fig. 4. Changing the sludge volume index in time.
After the adaptation of the activated sludge, process of simultaneous nitrification and denitrification was quite stable. Operation in this mode for about two months, showed good results. After two months of stable operation with the level of dissolved oxygen 0.6 mg/l, it was decided to reduce its concentration to 0.15-0.2 mg/l. During this period the substrate flow was decreased and, accordingly, organic load on the biomass. Expectedly happened filamentous bulking of the activated sludge. System`s stability recovery process was launched. System recovery to an acceptable sludge volume index took about two weeks, after which it was again set to work with the simultaneous nitrification and denitrification. The removal of nitrogen is gradually increased with increasing sludge age and the formation of large flocs.
By the Lineweaver-Burk Plot for the oxidation rate of organic matter the equation was built and a Michaelis-Menten constant (1) and maximum rate of the reaction (2) were calculated:
V max = 24,21 mgBOD/(g·h) (2)
At the same time, as noted above, in the preparation of dependence is not taken into account periods of the initial adaptation of biomass (red markers) and recovery from a filamentous bulking (yellow markers). It should be noted that the dependence of the second and fourth periods coincided, showing a sufficiently high value authenticity of the linear approximation. Periods of adaptation and recovery of activated sludge is not involved in the drafting of dependence, due to the high volatility of the process. Although the accuracy of the linear approximation of these values as high enough. Phosphorus removal stably kept at a level that corresponds to the removal of phosphates with the oxidation of organic matter by heterotrophic organisms. For deep biological phosphorus removal, it is necessary to create more pronounced anaerobic zones in the activated sludge floc centers.
Conclusions
The process of simultaneous nitrification and denitrification, undoubtedly shows the high efficiency at the lowest operating costs for aeration. Potential negative factors: non-uniform composition of the organic substrate, inhibitors in the influent, problems with hydraulic flow and the occurrence of stagnant zones. Features of original adaptation mechanism of activated sludge to the conditions of low dissolved oxygen concentration in the bioreactor allows to create in the future a stable system that can quickly recover from disruptions.
For further investigate the prospects of the use of the technology it is necessary to carry out additional tests, taking into account the hydraulic flows and the need to maintain the biomass in suspension while maintaining a reduced intensity of aeration, as well as studies on the real wastewater.
